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Nanoscale Au electrocatalysts demonstrate the extraordinary ability to reduce CO2 at low overpotentials with high selectivity to CO.
Here, we investigate the role of surface chemistry on CO2 reduction behavior using Au25 and 5 nm Au nanoparticles. Onset potentials
for CO2 reduction at Au25 nanoparticles in Nafion binders are shifted anodically by 190 mV while the hydrogen evolution reaction
is shifted cathodically by 300 mV relative to Au foil. The net effect of this beneficial separation in onset potentials is relatively high
Faradayic efficiencies for CO (90% at 0.8 V versus RHE) at high current densities. Experimental results show Faradayic efficiencies
for CO are greatest using electrodes made with Nafion-immobilized Au25 nanoparticles. Likewise, CO2 reduction onset potential
shifts are greater for smaller nanoparticles and when Nafion binders are used instead of (sulfonate-free) polyvinylidene fluoride.
X-ray photoelectron spectroscopy analysis reveals Au nanoparticles may react with the sulfonates of Nafion binders. The results
suggest sulfonate interfaces may alter the binding energies of key species or lead to favorable reconstructions, either of which
ultimately results in remarkable improvements in Faradayic efficiencies relative to Au foil electrodes.
© The Author(s) 2015. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0541512jes] All rights reserved.
Manuscript submitted July 16, 2015; revised manuscript received August 26, 2015. Published September 12, 2015. This was Paper
1523 presented at the Chicago, Illinois, Meeting of the Society, May 24–28, 2015.

The electrochemical reduction of CO2 holds promise to generate
energy-dense fuels using only atmospheric CO2 , water and solar or
wind energy. In recent works, several types of wet-synthesized metal
nanoclusters (Au, Ag, Pt, Pd, Cu) have been demonstrated in electrochemical sensors1–3 or electrolytic cells3–5 with remarkable advantages over conventional metal (foil) electrodes. Recent works using
Au25 nanoclusters as electrochemical sensors demonstrate nanomolar sensitivity for species such as dopamine, ascorbic acid, uric acid,
iodide or nitrites.6–8 Likewise composite electrodes with Au, Ag and
Cu nanoclusters have shown desirable current-potential behaviors in
CO2 and O2 reduction reactions including significantly lower onset
potentials relative to their foil analogs (>100 mV). The underlying
nature of activity enhancements associated with the structure or surface chemistry of composite nanocluster electrodes is not well established. As with enzymatic mechanisms, it is possible that structural
effects associated with the ligated surface may facilitate specific reactant or product interactions. It is also possible that both kinetic
and thermodynamic benefits originate from unique properties associated with under-coordinated (or ligated) metal atoms that result in
improved binding energies or reduced transition state energies. In
general, literature reports suggest decreasing particle dimensions increases catalytic activity;9,10 however, trends in the electrochemical
behavior associated with adsorbed ligands are less clear.11,12 Recent
work by Liu et al.13 shows alkyl-terminated Pt nanoparticles (2.85 nm)
exhibit semiconducting behavior while phenyl-terminated Pt nanoparticles of the same size demonstrate metallic behavior and are more
active in the oxygen reduction reaction (ORR). Another work focusing on the ORR using Ag nanoparticles11 showed phenyl-terminated
Ag nanoparticles resulted in a ∼200 mV anodic shift in onset potentials versus bare nanoparticles, while thiol-capped Ag nanoparticles
resulted in a ∼160 mV cathodic shift. The authors attributed the improved ORR behavior of phenyl-terminated Ag nanoclusters to an
electronic structure that results in improved oxygen adsorption. As
with enzymes, adsorbed ligands may also influence the behavior of
electrodes through both passive (e.g. selective adsorption)14,15 or active mechanisms (e.g. improved binding).16,17 Here we investigate the
electrochemical reduction of CO2 at Au surfaces including Au25 and
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5 nm nanoparticles with thiol or citrate terminations and consider the
role of polyvinylidene fluoride (PVDF) and Nafion binders in composite electrodes.
The well-known Turkevich18–20 and Brust-Schiffrin21–24 synthesis
methods are particularly useful for producing solutions of ligandstabilized Au, Ag or Cu nanoclusters (<10 nm) using reducing
agents and stabilizers.25–29 The Turkevich method typically yields
nanoclusters with citrate capping ligands and the conventional BrustSchiffrin preparation method results in nanoclusters with thiol ligands. While thiols readily to bind to Au, Ag and Cu surfaces;
several other S-containing ligands including benzenesulfonates,30
disulfides,31 trithiolates,32 thioacetates,33 and dithiocarbamates34 have
also been used to stabilize Au nanoparticles. In contrast with gas phase
heterogeneous catalysis where sulfur species are generally considered
poisons, these thiol-protected Au nanoclusters are particularly interesting candidates as electrocatalysts,35,36 especially considering their
unique electronic states resembling molecules rather than a metals.3,37
For example, Jin et al. recently demonstrated Au25 nanoclusters in CO2
reduction with reduction onset potentials at −0.193 V vs RHE (Relative Hydrogen Electrode) which is approximately 200 mV positive of
the onset potential for the same reaction at Au foil electrodes.38,39 The
authors attributed the improvement in performance to the promotion of
CO2 adsorption due to unique associations between the Au25 and CO2 .
The ability to leverage ligand and size effects to lower CO2 reduction onset potentials can have profound effects due to the exponential
relationship between current and potential (e.g. Butler-Volmer kinetics). Thus, the efficiency and selectivity (or Faradayic efficiencies) to
form fuels such as CO or CH4 from CO2 may be drastically improved
since the desired reduction reaction occurs significantly positive of
the hydrogen evolution reaction (HER).40–42
While the structure and surface chemistry of Au nanoclusters
has been well characterized, it is possible that surfaces may be altered in the electrode preparation process or in the CO2 reduction
process itself (this is particularly true for composite electrodes with
polymer binders). Conventional Au25 nanoclusters synthesized using
phenylethylthiol ligands are typically anionic for some time after synthesis though they eventually destabilize into a neutral form.43,44 In the
case of Au25 , the Au atoms are structured in a core-shell configuration,
where an icosahedral Au13 core is surrounded by an outer shell of 12
additional Au atoms and 18 thiol ligands.43,45 As shown in Figure 1,
the S atoms in the outer shell form bidentate bonds with Au atoms in
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Figure 1. Structure of thiol-protected Au25 nanoclusters. The structure consists of an icosahedral 13 Au atom core and a 12 Au atom outer shell.

the outer shell. These twenty-five atom nanoclusters are considered
the most stable due to the bidentate thiolates.46 It is also important to
note that the particular thiolate may be exchanged for another ligand.47
Some thiol ligands may be reduced at potentials positive of the CO2
reduction reaction; however, longer-chain or aromatic thiols are more
stable and may remain adsorbed at Au surfaces at the potentials used
for CO2 reduction. In fact, recent SFG (Sum Frequency Generation)
spectroscopy work by Baldelli et al.48 shows that longer chain thiols remain near the surface even after their reduction. In addition to
the ligand interface associated with nanoparticle synthesis, it is also
important to understand the effect of the binder. In practice, a binder
should be inert and support well-dispersed nanoparticles within a conductive matrix while allowing the transport of reactants and products
(similar to the role of binders in battery electrodes). In this work, we
focus on fluoropolymer binders such as PVDF and Nafion. Nafion is a
well-known proton-conducting sulfonated fluoropolymer, commonly
used in nanoparticle inks. The binders are similar; however, Nafion’s
sulfonate moieties facilitate proton transfer within the porous film.
While reactions between Au species and these fluoropolymers are not
expected, it is important to note that that sulfonates may chemisorb
to Au surfaces.49,50 In the case with thiolated Au25 nanoclusters, the
thiolated surfaces are expected to be relatively stable in with either
binder since thiol monolayers on Au films are stable across a wide
range of pH values.51
In this work, we consider citrate and thiolate terminations of Au
nanoclusters along with porous Nafion and PVDF (sulfonate-free)
binders. We investigate the gas and liquid products of aqueous electrochemical CO2 reduction using Au25 nanoclusters as a function of
binder and surface chemistry. Voltammetry is used to characterize the
electrochemical behavior and nanoparticles were studied using UVvisible spectroscopy and XPS (X-ray Photoelectron Spectroscopy).
Altogether, these studies reveal fascinating current voltage and yield
behavior as a function of Au nanoparticle size and surface chemistry.
Experimental
Au25 nanoclusters were prepared using established methods52 and
integrated into conductive inks for subsequent use as electrodes. In
the synthesis process, phenyl thiol-stabilized [Au25 (SCH2 CH2 Ph)18 ]−
clusters were made by solvating tetrachloroaurate(III) trihydrate (0.4
mmol HAuCl4. 3H2 O) in ultra-pure DI water and phase-transferring to
toluene with tetraoctyl ammonium bromide (0.47 mmol TOAB). The
aqueous layer was then decanted and the toluene solution containing
the Au salt was purged with N2 and cooled to 0◦ C. Phenylethylthiol
(0.17 mL PhCH2 CH2 SH) was added as a capping agent. The reduc-

tion was performed at 0◦ C by adding sodium borohydride (4 mmol
NaBH4 ) in ultra-pure water at 0◦ C. The aqueous layer was decanted
and the toluene solution was dried. Ethanol was added to separate Au25
clusters from TOAB and other side products. The Au25 clusters were
collected after removing the supernatant and purified by extracting
twice with acetonitrile (MeCN).
The 5 nm thiol-capped Au nanoclusters were made using other
established methods53 and also integrated into conductive inks. In
this synthesis procedure, HAuCl4. 3H2 O (0.25 mmol) was solvated in
DI water and phase transferred into toluene via TOAB. The aqueous
layer was then decanted and dodecanethiol added as a capping agent.
The reduction was performed at 55◦ C using a tert butyl-amine borane
complex (Sigma Aldrich). The toluene solution was evaporated and
ethanol added to separate the 5 nm Au clusters from TOAB and other
side products. The remaining nanoparticles were again dispersed in
acetone. Other 5 nm Au nanoparticles with citrate termination were
obtained commercially from BBInternational for use in spectroscopy
studies.
Nanoparticle electrodes were made by depositing composite inks
onto glassy carbon electrodes. The Au25 /Nafion and Au 5 nm/Nafion
inks were prepared by mixing Vulcan XC-72R carbon black (100 mg),
5% Nafion (1.2 mL) (Sigma Aldrich), and ∼10 mg of Au nanoparticles
solvated in acetone (1 mL). Likewise, Au25 /PVDF and Au 5 nm/PVDF
inks were prepared by mixing Vulcan XC-72R carbon black (100
mg), 5% PVDF solvated in N-methyl-pyrrolidone (1.2 mL) (Sigma
Aldrich), and ∼10 mg of Au nanoparticles solvated in acetone (1 mL).
In this case, electrodes were synthesized using approximately 5 mL
of citrate colloid solution (0.316 mg Au) mixed with 0.5 mL Nafion
and 40 mg of carbon black. All ink mixtures were sonicated for 30
minutes before application to electrode surfaces. Inks were applied
to 5 mm diameter glassy carbon electrodes in a Teflon sheath (Pine
Instruments) using a brush and allowed to dry at room temperature
for approximately 24 hours.
Nanoparticles surfaces and solutions of nanoparticles were examined using XPS and UV-visible spectroscopy. Substrates specifically
intended for XPS analyses were prepared in the same fashion using
1 cm2 polished glassy carbon (STI) or Ag(111) single crystals. Au25
samples including: Au25 in toluene, Au25 in acetone with 0.05% by
weight Nafion and Au25 in acetone with 0.05%wt PVDF before and
after use in CO2 reduction reactions were deposited dropwise onto the
surface and allowed to dry. Citrate-terminated Au colloid samples including 5 nm Au in water and 5 nm Au in water with 0.05%wt Nafion
were prepared similarly. The samples were mounted onto Ta sample
holders using graphite tape for transfer into the XPS system. All XPS
experiments were performed in an ultra-high vacuum chamber with
base pressure of 1 × 10−10 Torr. Measurements were performed using
an Omicron XM1000 source providing monochromatic Al Kα1 radiation (hν = 1486.6 eV) and a Specs PHOIBOS 150 hemispherical
analyzer. High-resolution spectra of the Au 4f region were recorded
using 20 eV pass energy. Sample charging was not observed in any
XPS spectra, as verified using the C 1s line from the glassy carbon substrate. Spectra were de-convoluted using the fitting routines available
in CasaXPS.
UV-visible absorption characteristics of nanoparticle solutions
were obtained using a Hitachi U-2001 NIR-UV-VIS Spectrophotometer in acetone (including solvent spectra subtraction). The Au25 nanoclusters samples were freshly synthesized followed by the addition
of 0.5%wt Nafion or 0.5%wt PVDF in n-methyl pyrrolidone (NMP).
The same samples without Au25 were also prepared to ensure other
solvents or binders did not interfere with the Au25 absorption peaks.
Absorption spectra were recorded between 300 and 900 nm wavelengths.
Aqueous electrochemical experiments were conducted in a twocompartment cell with a Nafion membrane as described in a previous
work.54 The catholyte was continuously bubbled with CO2, and the
vent led directly to a GC auto-injection port. A Pt wire was used as the
counter electrode in the anolyte with an Ag/AgCl reference electrode.
The saturated CO2 solution included 0.1M KHCO3 (Sigma Aldrich)
and was operated at room temperature (22◦ C). The pH of carbonate
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Figure 2. Linear voltammograms of gold foil, Au25 /Nafion and Au25 /PVDF
in CO2 saturated 0.1M KHCO3 .

electrolyte was measured at 6.8 when saturated with CO2 , and 8.9
when purged with N2 . These values were used when converting to the
RHE scale. Voltammetry was conducted at a scan rate of 10 mV/s.
Reaction yields were determined using potentiostatic experiments using gas chromatography (GC) (TCD & FID) or nuclear magnetic
resonance spectroscopy (NMR) to analyze gas and liquid products
(with a reaction time of at least 1h). Liquid samples were taken before and after each reaction and analyzed using NMR spectroscopy
(Varian System 700, 5 mm HCN probe) using methods previously
reported.41,54
Results and Discussion
Linear sweep voltammetry was used to study the current density and onset potentials of the CO2 reduction reaction at several
electrodes: Au foil, 5 nm Au nanoclusters and Au25 nanoclusters in
both Nafion and PVDF binders. Onset potentials were determined
by plotting the log of the current versus potential followed by linear
extrapolation. As shown in Figures 2 and 3, the onset potentials for
CO2 reduction is dependent on both the size of the nanocluster and
binder. At Au25 /PVDF electrodes, the CO2 reduction onset is shifted

Figure 3. Linear voltammograms of gold foil, 5 nm Au/Nafion and 5 nm
Au/PVDF in CO2 saturated 0.1 M KHCO3 .

F1375

Figure 4. Linear voltammograms of gold foil, Au25 /Nafion, Au25 /PVDF, 5
nm Au/Nafion and 5 nm Au/PVDF in nitrogen purged 0.1 M KHCO3 .

anodically by 70 mV relative to Au foil while the CO2 reduction
onset potential with Au25 /Nafion electrodes is shifted anodically by
190 mV relative to Au foil. Likewise, on 5 nm Au/PVDF electrodes
the onset is shifted anodically by 60 mV relative to Au foil, while
on 5 nm Au/Nafion electrodes the onset is shifted anodically by 140
mV relative to Au foil (Figure 3). Onset potentials for CO2 reduction
at Au foil (near −0.44 V versus the RHE) and the shift observed
with Au/Nafion electrodes are consistent with previous works;38,39,55
however, the effect of the binder (Nafion versus PVDF) is striking.
Reduction current-potential behavior and current densities are similar
in each case; note the current associated with composite electrodes is
normalized by the geometric area of the glassy carbon.
The onset potential of the hydrogen evolution reaction (HER) in
the absence of CO2 was also studied using linear sweep voltammetry.
As shown in Figure 4, the HER onset potential is shifted cathodically
for both Au25 (300 mV in Nafion, 280 mV in PVDF) and 5 nm Au
nanoparticles (250 mV in Nafion, 210 mV in PVDF) relative to Au
foil.
The combined anodic shifts for CO2 reduction and cathodic shifts
for the HER are extremely beneficial for CO production in terms of
both selectivity and yield. It is important to note that even relatively
small shifts separating the onset potentials for CO reduction and HER
can result profound improvements on the practical ability to generate
fuels due to the exponential current - overpotential relationship. The
results can be seen in the improved Faradayic efficiencies for CO production at lower overpotentials and relatively high current densities.
As shown in Figures 5 and 6, the primary products of the reduction
reaction were determined to be CO and H2 along with trace amounts
of formate (<1% Faradayic efficiency). The Faradayic efficiency of
CO for Au25 clusters in the Nafion binder increased with cathodic
potential, up to ∼90% Faradayic efficiency at −0.8 V versus RHE.
At the same potential, Au25 clusters in PVDF binder reached CO
Faradayic efficiencies near 55% while the larger 5 nm Au nanoparticles electrodes reached a maximum near 41% when using a Nafion
binder. For comparison, these Faradayic efficiencies are significantly
greater than those than for bulk gold at similar potentials (FE∼4.6% at
−0.8 V).39
A key question centers on the nature of the improvement to the
CO2 reduction and HER onset potentials. Previous studies suggest
that the improvement may be due to the contributions of both the
reduction site and surface chemistry of the nanoclusters. The anodic
shift of CO2 reduction is may be due to reduced CO binding energy at the low-coordinated active sites on the gold nanoclusters, as
suggested by Peterson and Nørskov.56–59 In fact, a recent work by
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Figure 5. Faradayic efficiency plot for CO production of Au25 /Nafion,
Au25 /PVDF, 5 nm Au/Nafion and 5 nm Au/PVDF catalyst inks.

Peterson et al.60 demonstrates that CO generation is favored at the
edge sites of Au nanowires while the HER is favored at corner sites,
so nanowires with relatively high edge to corner ratios improve CO2
reduction and suppress the HER. Further, another work by Peterson et
al. suggests that local environment (particularly oxides at Cu surfaces)
can also influence CO2 reduction selectivity.61 In the case of Au with
thiolated surfaces, work by Jin et al. considers the unique interactions
between CO2 and Au25 (weakly bound) due to charge redistributions
in the thiolated-Au25 clusters as the key mechanism responsible for
improved CO2 reduction behavior. In addition to promoting CO2 reduction, it is also possible that the ligands may interfere with hydrogen

formation. Adsorbed thiols are known to result in cathodic shifts in the
onset potential for the HER on Au surfaces62 and the results from this
study (Figure 4) also show cathodic shifts in HER onset potentials for
all thiolated nanoparticle electrodes relative to Au foil. In this case,
the most dramatic differences in reduction behavior are the anodic
shifts in CO2 reduction associated with the binder (viz. Nafion).
The voltammetric behavior and Faradayic efficiencies observed
with Au25 or 5 nm Au nanoparticle electrodes suggest that the sulfonate moieties of Nafion contribute to shifts in onset potentials. In the
case of Au25 nanoparticles, the differences in onset potentials between
the CO2 reduction and HER were ∼340 mV with Nafion versus ∼220
mV with PVDF. The larger window (between CO2 onset and HER
onset) associated with Nafion could be related to reactions between
the thiolated Au25 nanoparticles and sulfonate groups of the Nafion
binder. Previous work by Negishi et al. suggests that sulfates can oxidize Au25 , causing the formation of stable [Au25 (SCH2 CH2 Ph)18 ]+
species;46 however, these species should be easily reduced at the potentials used for CO2 reduction. It is also possible that the equilibrium
associated with the bidentate thiols is shifted by the relatively high
concentration of sulfonates, leading to an exchange of thiolates for
sulfonates.
XPS was used to study the oxidation state of the Au in the nanoparticles. Figure 6 shows XPS spectra from three Au25 samples: 1. “as
prepared” (bottom), 2. mixed with binders before the reaction (middle), and 3. the same electrodes after their use in CO2 reduction for
15 minutes at −1.4 V vs Ag/AgCl (top). The Au 4f peaks show
the expected 3.7 eV split due to spin-orbit interactions, but both are
shifted approximately 0.8 eV to higher binding energy compared to
bulk Au. This shift is comparable to results previously found for Au25
nanoparticles synthesized through different methods, and has been
attributed to initial-state effects due to the small particle size.63 The
Au 4f peaks for the Au25 /Nafion ink electrode (left side of Figure 6)
shows the same set of peaks as the Au25 reference, but also shows
two new shoulders with higher binding energies, including a smaller
spin-orbit split (3.5 eV vs. 3.7 eV for the reference spectrum) associated with partially oxidized Au25 clusters. The majority of the spectra

Figure 6. Au 4f XPS spectra. On the left, from bottom to top, Au25 nanoparticles in toluene deposited on an Ag single-crystal substrate, an Au/Nafion sample on
glassy carbon prior to reaction, and an Au/Nafion sample on glassy carbon after reaction. On the right, from bottom to top, Au25 nanoparticles in toluene deposited
on an Ag single-crystal substrate, an Au/PVDF sample on glassy carbon prior to reaction, and an Au/PVDF sample on glassy carbon after reaction. The vertical
dotted lines indicate the binding energy of bulk gold.
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Figure 8. UV-visible data showing the spectra for freshly synthesized Au25
nanoclusters in acetone, Au25 in acetone with dilute PVDF dissolved in NMP
and Au25 in acetone with dilute Nafion as well as control spectra for Nafion,
NMP and PVDF in acetone. Peaks at ∼400, 450, and 670 indicate thiol bridged
Au25 clusters and are visible in the PVDF and fresh Au25 samples, but not in
the dilute Nafion sample.

Figure 7. Au 4f XPS spectra. The top spectra shows 5 nm citrate protected
Au colloid sample on glassy carbon. The bottom spectra shows a 5 nm citrate
protected Au colloid sample with a dilute Nafion binder on glassy carbon.

remains identical to those fit to the Au25 reference sample and suggests that core Au atoms may remain intact. These results suggest
the equilibrium associated with high concentrations of sulfonates in
the Au25 /Nafion system may lead to sulfonated Au interfaces. After
the CO2 reduction reaction, the shoulders remain; suggesting the new
Au25 species in the Nafion binder may be relatively stable or is easily
re-formed after the reduction reaction. The small peak shift observed
between 0.2–0.7 eV after the reaction may be associated with partial desorption at cathodic potentials; however, this is not considered
significant. As shown in Figure 7, another XPS analysis using 5 nm
Au nanoparticles made with either citrate or thiolate capping ligands
show the same secondary peaks associated with sulfonated Au species
arising when combined with Nafion. In the case with the larger 5 nm
Au nanoparticles, the relative area of the secondary peaks is somewhat smaller, consistent with the lower surface-to-volume ratio of the
larger nanoparticles. Here it is important to note that ligand exchange
(sulfonate for thiolate) in itself does not necessarily change the oxidation state of the Au;47 however, it may be possible that sulfonates
destabilize the initial bridge sulfur atom in the outer shell of Au25
resulting in a partially oxidized surface. This may result in relatively
lower CO binding energies or it is also possible that the surfaces of
the nanoparticles are reconstructed into relatively more active sites for
CO2 reduction.
UV-visible spectroscopy was used to evaluate to the structure of
Au nanoparticles, shown in Figure 8. In the spectra for Au25 nanoclusters (in acetone), there are absorption peaks at ∼400, 450, and 670
nm which are indicative of the Au25 structure, detailed in previous
reports.64,65 A second spectra taken after the addition of PVDF to the
Au25 solution indicates Au25 nanoclusters retain a similar structure
even after exposure to PVDF. The peak strength is lower due to dilution; however, peak locations are otherwise unchanged. In contrast,
after the addition of Nafion to the Au25 solution, the peaks at 400 and
670 nm are lost, and the 450 nm peak is shifted to a higher wavelength
suggesting either an agglomeration or alteration of the nanoparticle.

While it is possible that some Au25 particles may agglomerate in the
liquid phase used for UV-visible spectroscopy, the Au25 spectra in
PVDF and the spectra in Nafion remained constant over several hours
and did not resemble the spectra associated with the larger 5 nm Au
particles. This behavior along with the voltammetry, yields and XPS
analyses suggests that the particles likely remain as 25 atom clusters
albeit with an altered structure.
The underlying nature of the improved Faradayic efficiency for CO
generation may be associated with both the size and surface chemistry
of the Au nanoparticles. As noted previously, the sulfonate interaction
is somewhat unexpected, since the thiolates are generally considered to
be relatively stable especially with magic-number nanoclusters.46,66,67
However, it is possible the relatively high concentrations of sulfonate
species may shift the equilibrium to favor sulfonated Au25 interfaces;
and it is also possible that these interfaces favor CO generation and/or
prevent the HER. The enhanced CO2 reduction observed with Nafion
binders was observed using both 5 nm Au and Au25 nanoparticles
suggesting that the primary origin of the decreased CO2 onset potentials is likely associated with sulfonate interactions rather than the
size or anionic charge associated with Au25 . While the surface chemistry and preferential reduction sites remain unknown under reduction
conditions, it is possible that sulfonated interfaces change the binding
energies of adsorbed CO2 , CO or other intermediates similar to the
role of copper oxides.61 In this case, a more weakly bound CO species
(in the presence of sulfonated interfaces) could result in the anodic
shift observed in CO2 reduction onset potentials. Another potential
origin for the improvements in reduction behavior may be due to
reconstruction of Au surfaces caused by the exposure to sulfonates.
The reconstruction (similar to the oxygen-induced restructuring of
Au surfaces observed by Friend et al.)71 could provide sites that are
relatively more active to CO2 reduction. This effect would be particularly important in the case of Au25 where the loss of the bidentate
ligands could lead to a longer more rod-like structure.72 As noted
by Peterson et al, edge sites associated with nanorods are particularly valuable to improve the reduction selectivity to CO.60 In either
case, there is considerable evidence that the Au surface chemistry
plays a strong role in CO2 reduction behavior and that these interface effects may be leveraged to improve selectivity and/or Faradayic
efficiencies.
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Conclusions

The close proximity of the formal potentials for the electrochemical generation of CO and H2 form a fundamental barrier to the efficient
production of fuels from CO2 . Here, we demonstrate nanoscale Au
electrocatalysts and interfaces that are particularly useful in promoting
CO2 reduction while preventing the HER. As shown in linear sweep
voltammetry and Faradayic efficiencies, Au nanoclusters immobilized
in Nafion are significantly more active at reducing CO2 to CO than the
same Au nanoclusters immobilized in PVDF binders or Au foil. The
sulfonate environment appears to provide a ∼170 mV anodic shift in
the onset for CO2 reduction with Au25 nanoparticles and a ∼140 mV
shift in the onset with 5 nm Au nanoparticles versus Au foil, whereas
are the shifts are only 70 mV and 60 mV (respectively) for the same
nanoparticles in PVDF binders. The results indicate that interfacial
chemistry plays a substantial (perhaps dominant) role in determining
reduction selectivity relative to the size or charge of the nanoparticles.
Based on these results, the underlying mechanism for the improved
Faradayic efficiencies for CO production may be attributed changes
in the binding energies induced by the Au-sulfonate surface or favorable reconstructions in the presence of sulfonates (or a combination
of these effects).
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